The aim of this research is to investigate the effects of the strain-induced melt activation (SIMA) process on the microstructure and particle erosion properties of 6066 Al-Mg-Si alloy. The erosion data of the SIMA-processed alloy were compared to those of the original extruded alloy (F) and a high-hardness artificially aged alloy (T6). The microstructure results show that spheroidized grains formed via the SIMA process. Globular and soft ¡-Al grains were surrounded by hard multi-element grain boundaries, creating a network structure. The erosion resistance of T6 was better than that of F at all impact angles due to the increase in hardness via artificial aging. The erosion resistance of the SIMA-processed alloy was higher than that of T6 at low impact angles. The SIMA process thus improves the low-angle erosion resistance of Al alloys. The hard and brittle grain boundaries of the SIMA-processed alloy protect soft grains from being destroyed by erosion particles at oblique impact. The low-angle erosion resistance decreases with spheroidized grain growth due to a decrease in the surface area of grain boundaries.
Introduction
Erosion wear caused by solid particles is an important cause of failure for mechanical devices and components, 1) such as the surfaces of mining, electricity, and seawater transportation systems, blades of turbine engines, compressors and helicopters, nozzles of rocket engines, and casting molds, which are eroded by dust, slag, or sand. 24) Various anti-erosion metallic materials have been developed. Ferrous materials, such as spheroidal graphite cast iron, are commonly used for anti-erosion applications.
58) Their erosion resistance is high, but their heavy weight is a disadvantage. Titanium alloys are light and have high erosion resistance, but they are used in limited applications, such as nuclear power plants, seawater desalinization, and solar panels, due to their high cost. 9) Even though the erosion resistance of Al alloys is below that of ferrous materials and Ti alloys and their erosion resistance at low impact angles is very low, their light weight, low thermal expansion coefficient, good formability, and relatively low cost make them candidates for application in some anti-erosion components and the automobile industry. 10, 11) Therefore, studies have attempted to improve the erosion properties of Al alloys. The most common techniques for this task include varying the distribution or shape of secondary phases, enhancing the hardness of the matrix via appropriate heat treatments, and increasing the hardness of the alloy surface via processes such as the deposition of a high-hardness layer and the friction stirring modification process. 1216) In general, when the hardness of the matrix is increased, the particle erosion resistance of metallic materials tends to improve and the material may also become more brittle. The erosion curve is also affected. Fracture toughness and the existence of brittle phases in the matrix are also significant factors that affect erosion wear properties.
1216)
The major aim in this study is to investigate the particle erosion behavior of strain-induced melt activation (SIMA)-processed 6066 Al alloy. The SIMA process is a semi-solid process that is used to enhance high-temperature formability by generating fine and spheroidized grains. 1722) In this study, the SIMA process is used to generate a network structure to improve the erosion resistance of the Al alloy. A modified SIMA process is adopted here. Compared to the traditional process, the modified process has two main differences: 1) cold work is omitted and sufficient strain energy is introduced by hot extrusion directly; 2) a salt bath is used to replace an air furnace for uniform heating and retarding grain growth. Fine and globular grains can be obtained. Highhardness grain boundaries form due to the low-melting-point phases partially melting at the grain boundaries with the modified SIMA process.
6xxx Al alloys, a series of precipitation-hardened Al alloys, are widely used. More than 70% of extruded Al alloys are 6xxx Al alloys. 6066 Al alloy is used in this study. Its mechanical strength and hardness are relatively high in this series due to excess Si and the inclusion of 1 at% Cu and 1 at% Mn. 23, 24) In this study, an erosion test was carried out on SIMA-processed alloys, original extruded alloys, and artificially aged alloys to examine the particle erosion properties of the different microstructures. SiO 2 erosion particle were used. 25) The erosion surfaces and erosion wear behaviors of the three materials are compared. Finally, the particle erosion mechanism of SIMA-processed alloys is analyzed.
Materials and Methods
3-mm-thick 6066 Al extruded alloy was used in this research. Its composition is shown in Table 1 , as analyzed by a glow discharge spectrometer. Sheets of 6066 Al alloy were machined into specimens with dimensions of 50 mm (length) © 30 mm (width) © 3 mm (thickness). Four kinds of specimen were prepared for the erosion test: 1) original extruded alloy (F); 2) artificially aged alloy (T6), which was subjected to a solution treatment at 530°C for 2 h and artificial aging at 175°C for 8 h to increase hardness; 3) SIMA-processed alloy (S10), which was subjected to a salt bath at 620°C for 10 min to create globular and uniform grains; 4) SIMA-processed alloy (S30), which was subjected to a salt bath at 620°C for 30 min to produce grains coarser than those of S10 but still globular and uniform. In order to examine the microstructure, four kinds of specimen were etched using Keller's reagent after being polished with SiC papers (from #80 to #4000 grit), Al 2 O 3 aqueous solution (1 and 0.3 µm), and 0.04-µm SiO 2 polishing solution. The microstructures of specimens were observed using optical microscopy (OM). The distributions of the secondary phases and elements were analyzed using scanning electron microscopy (SEM) and an electron probe X-ray micro-analyzer (EPMA). The hardness of the matrix, secondary phases, internal grains, and grain boundaries were evaluated using the Rockwell hardness (HR) test, nanoindentation, and Vickers hardness (HV) test. The measurement conditions for Rockwell hardness followed the F-scale. The loading was 60 kgf and the indenter was a 1/16-inch (0.15875 cm) steel sphere. A triangular pyramid diamond probe was used for nano-indentation, with measurement conditions of a 0.25-nm/s drift velocity and a 800-nm depth. The space between measurement points was 5 µm. The full load for the Vickers hardness test was 100 g. The load was applied for 10 s.
Before the erosion test, the four kinds of specimen were polished from 80-grit to 400-grit SiC papers to remove the oxidized layer and then soaked in acetone for ultrasonic cleaning. The equipment used for the particle erosion test is shown in Fig. 1 (ª = 90°represents normal erosion and ª = 30°represents oblique erosion). The pressure of the compressed air flow was controlled at 3 kg/cm 2 (0.29 MPa). SiO 2 particles were used in this erosion test. The SEM morphology is shown in Fig. 2 . The particle size is about 250 µm and the hardness is about 800 HV. The impact angles for the erosion test were 30°, 45°, 60°, 75°, and 90°. The erosion rate (ER%) 6, 12, 13) of a specimen is defined as its weight loss (¤W ) divided by the total weight of the erosion particle (W particle ), ER% = ¤W/W particle . Each erosion datum was the average from at least three runs, where a total of 500 g of erosion particles was ejected for each run. According to the preliminary results for the extruded alloy specimen (F) at normal impact (ª = 90°), the test condition of 500 g of erosion particles falls in the steady-state region of linear weight loss versus weight of erosion particles, as shown in Fig. 3 . The figures of erosion rate (ER%) versus impact angle (ª) for the specimens are plotted to compare their erosion wear behaviors.
Finally, in order to analyze the erosion wear characteristics of the different microstructures and determine the erosion mechanism of the SIMA-processed alloy, the erosion surface and subsurface were examined using OM and SEM. The eroded specimens were sectioned longitudinally by a diamond cutter, and then polished and etched for observation.
Results and Discussion

Microstructure characteristics
The microstructures of the four kinds of specimen are shown in Fig. 4 . Figure 4 (a) shows the microstructure of F. An extruded fiber-shaped microstructure can be seen. A lot of secondary phases are distributed uniformly and a large number of fine dynamically recrystallized grains can be found in this fiber-shaped microstructure. grains. The average grain size of S10 is about 60 µm and that of S30 is about 80 µm; this difference is due to the different salt bath durations. The distribution of elements in F and S10 was analyzed using EPMA. The results are shown in Fig. 5 . Mg, Si, Cu, and Mn, the four major added elements, were distributed uniformly in F. After a salt bath (S10), Mg, Si, and Cu were located at the grain boundaries and formed a network structure, but Mn aggregated and formed a particleshaped phase due to the melting point of the Mn-rich phase being higher than 620°C. 26) The mechanism of grain spheroidization during the SIMA process is shown in Fig. 6 . In this figure, the black dots represent low-meltingpoint secondary phases and the initial state is a typical dendritic casting structure. After the alloy is extruded, the microstructure becomes fiber-shaped and dynamic recrystallization occurs, with the secondary phases remaining unmelted. During the salt bath, the low-melting-point phases start to melt and penetrate into the grain boundaries of dynamically recrystallized grains because of the high energy of the grain boundaries of recrystallized grains. Liquid phases form and surround the grains. As the salt bath duration increases, grains grow. Because liquid phases surround the solid grains, the grain growth restriction between neighboring grains disappears. Therefore, grains grow into spheroidized grains to minimize surface energy. The broadening of grain boundaries results from low-melting-point secondary phases melting and the liquid penetrating and aggregating at the grain boundaries. During the salt bath, large amounts of elements gather to form a liquid pool. This microstructure resembles a network. The morphology and composition of the secondary phases were determined using backscattered electron imaging (BEI) and energy-dispersive X-ray spectroscopy (EDS) of SEM. The results are shown in Fig. 7 . Three kinds of phase can be seen in the BEI images: a white particle-shaped phase (arrows labeled "a" in Fig. 7(a) ), a white phase located at the grain boundaries (arrows labeled "b" in Fig. 7(a) ), and a black phase located at the grain boundaries (arrow labeled "c" in Fig. 7(a) ). The white particle-shaped phase was distributed at the grain boundaries and in the grains. The black phase located at the boundaries has a eutectic network structure that resulted from phases melting during the salt bath and re-solidifying during cooling. The white phase located at the boundaries also resulted from low-meltingpoint phases melting and then re-solidifying. From EDS, the white phase located at the boundaries (spot "B" in Fig. 7(b) ) was mostly composed of Cu and Si, and the black phase located at the grain boundaries was mostly composed of Mg and Si (spot "C" in Fig. 7(b) ). The brightness of the white phase located at the boundaries in the BEI image increased with Cu content. The black phase is speculated to be the phase aggregation of Al, Mg 2 Si, and excess Si. The white phase at boundaries is composed of the eutectic phase of Al and Al 2 Cu and the eutectic phase of Al and Si. The melting points of these eutectic phases are below 620°C. The white particle-shaped phase (spot "A" in Fig. 7(b) ) is a Mn-rich phase composed of many elements. According to the literature, it is most likely the high-melting-point Al 15 (Fe,Mn,Cr) 3 Si 2 phase. 27, 28) The hardness data evaluated using the HR test are shown in Fig. 8(a) . The hardness of T6 is much higher than those of F, S10, and S30, whose hardness values are almost identical. The results show that artificial aging enhanced hardness, and that the formation of the network structure did not significantly affect the bulk hardness. The nano-indentation data of S10 are shown in Fig. 8(b) . The same results were obtained for five samples. The grain boundaries, abundant in Cu, Mg, and Si, are much harder than the internal grains. This proves that the grain boundaries of the SIMA-processed alloy are the hard and brittle parts of the material. The Vickers hardness data of F, T6, and S10 are shown in Fig. 8(c) . The Vickers hardness data of S10 include the hardness of grain boundaries and that of grains. For S10, the hardness of its grain boundaries is the highest but that of its grain is the lowest. The micro-hardness follows the order: grain boundary of S10 > matrix of T6 > matrix of F > grains of S10. In the microstructure of the SIMA-processed alloy, high-hardness and broadened grain boundaries surround soft and globular ¡-Al grains. The grain boundaries are formed by elements of low-melting-point phases that penetrated the grain boundaries. Figure 9 shows the results of the four kinds of specimen eroded by SiO 2 particles. Each datum point is averaged from at least three runs. The erosion rate of all specimens reached its maximum at 30°impact; that is, the erosion rate at an oblique angle is the highest of all impact angles. With increasing impact angle, the erosion rate decreased. The particle erosion curves of all specimens indicate that the particle erosion mechanisms of the four materials were the same: ductile cutting dominates the erosion. At high impact angles (75°and 90°), T6 had the best erosion resistance (lowest erosion rate). For 60°impact, the erosion rates of F, T6, and S10 were similar, and that of S30 was slightly higher. It should be noted that at low angles of impact (30°and 45°), the erosion rate of S10 is the lowest and that of S30 is lower than those of T6 and F at low erosion angles. The results show two important points: 1) erosion resistance can be enhanced by artificial aging treatment due to the increase in hardness via precipitation hardening; 2) erosion resistance at oblique impact can be improved by the SIMA process even though the normal direction erosion resistance decreases.
Erosion resistance of microstructures
For Al alloys, the peak erosion rate is always at low impact angles, as shown in the erosion curves in Fig. 9 . Thus, low oblique erosion resistance can be improved for Al alloys. The particle erosion data of this study show that the oblique erosion resistance of S10 is the highest, even thoughand artificial aging increased erosion resistance at all impact angles. The oblique erosion resistance of S30 is also higher than that of T6. This proves that the network structure formed via the SIMA process is beneficial for improving low-angle erosion resistance. The erosion rate can be decreased by about 24% via the SIMA process with only a 10-min salt bath.
Erosion mechanism of network structure
The subsurface morphologies of F, T6, S10, and S30 eroded by SiO 2 particles are shown in Fig. 10 . At 90°impact, the morphologies of the four kinds of specimen are similar. Some erosion holes appear on the surface. Nevertheless, the erosion rate is still low. This indicates that brittle fracture is not the dominant form of erosion. The size of holes on the erosion surface of T6 is the smallest of all alloys because the erosion rate of T6 is the lowest at 90°impact. At 30°impact, Fig. 8 (a) Hardness of four kinds of specimen, (b) nano-indentation data of S10 (inset shows SEM morphology), and (c) micro-hardness data of F, T6, grains of S10, and grain boundaries of S10. , respectively. The surface metal is scratched and squeezed by erosion particles along the erosion direction. However, it should be noted that the erosion surfaces of the SIMA-processed alloys (S10 and S30) correspond to the grain boundary distribution, as shown in Figs. 10(c) and (d), respectively; in other words, the erosion surface is along the distribution of grain boundaries. This proves that these hard grain boundaries protect the soft ¡-Al grains from being destroyed by erosion particles at oblique impact angles. The brittle and hard multi-element grain boundaries of the network structure of SIMA-processed alloys enhance particle erosion resistance at oblique impact angles. The different erosion resistances of S10 and S30 are due to differences in the surface area of grain boundaries. The surface area of grain boundaries decreases when grains grow resulting in reducing the level of protection. The grain size of S10 is smaller than that of S30, and thus the erosion resistance of S10 is higher than that of S30. Figures 11(a) and (b) show SEM images of the surface morphologies at 30°impact for F and S10, respectively. Both specimens were eroded by SiO 2 particles. In Fig. 11(a) , two characteristics of ductile erosion behavior, lips and grooving, can be seen on the surface of F. In contrast, in Fig. 11(b) , cave-shaped microstructures such as valleys appear on the eroded surface of S10. Their size is about 60 µm, which is close to the average grain size. Notably, according to the EDS analysis results shown in Fig. 11(b) , the signals of Mg, Cu, and Si, the elements located at the grain boundaries, were detected at the spots of the arrows in the figure. This proves that the valleys were formed by soft grains being dug out by erosion particles and leaving grain boundaries at the erosion surface. This indicates that after the erosion particles eroded the soft grains, the particles did not continue to destroy the hard and brittle grain boundary at low-angle impact. This also confirms that network structure formed by the SIMA process is the key to improving the erosion wear resistance at oblique impact.
The erosion mechanisms of F and the SIMA-processed alloy can be interpreted from Fig. 12 , which is drawn according to the results and observations in this research. As shown in Fig. 12(a) , erosion particles scratch and squeeze the surface metal, leading to ductile erosion (lips and grooves) on the surface. This erosion mechanism is similar to that for general Al alloys, and results in low oblique erosion resistance for F. The erosion mechanism of T6 is similar to that of F, but the high-hardness matrix of T6 leads to higher erosion resistance. The low-angle erosion mechanism of SIMA alloys, as shown in Fig. 12(b) , shows that only uncovered and soft Al grains can be scratched by erosion particles. After soft grains had been dug out by erosion particles, a large number of multi-element hard grain boundaries still existed on the eroded surface of S. These boundaries form a protective layer against oblique erosion and improve the oblique erosion resistance of SIMAprocessed alloys. Therefore, no ductile erosion occurred at the surface of SIMA-processed alloys with oblique erosion and SIMA-processed alloys exhibited good anti-erosion ability for low impact angles.
Conclusion
(1) A network structure formed in the 6066 Al alloy after the SIMA process. The soft and spheroidized ¡-Al grains were surrounded by brittle and hard multi-element grain boundaries. The grain boundaries were mostly composed of Mg, Si, and Cu. The hardness of the grain boundaries was much higher than that of the grains. (2) The hardness of the alloy was improved by solution treatment and artificial aging (sample T6). This resulted in enhanced erosion resistance at all impact angles. The network structure improved the erosion resistance at oblique impact. The erosion resistance at oblique impact of the SIMA-processed alloy was even higher than that of T6. (3) The high-hardness grain boundaries of SIMA-processed alloys can protect soft ¡-Al grains from being destroyed by erosion particles. The oblique erosion resistance of S10 was better than that of S30 because the grain size of S10 was smaller, and thus the surface area of its grain boundaries was higher, resulting in higher oblique erosion resistance. 
